ABSTRACT Potassium channels display a high conservation of sequence of the selectivity filter (SF), yet nature has designed a variety of channels that present a wide range of absolute rates of K 1 permeation. In KcsA, the structural archetype for K channels, under physiological concentrations, two K 1 ions reside in the SF in configurations 1,3 (up state) and 2,4 (down state) and ion conduction is believed to follow a throughput cycle involving a transition between these states. Using free-energy calculations of KcsA, Kv1.2, and mutant channels, we show that this transition is characterized by a channel-dependent energy barrier. This barrier is strongly influenced by the charges partitioned along the sequence of each channel. These results unveil therefore how, for similar structures of the SF, the rate of K 1 turnover may be fine-tuned within the family of potassium channels.
1 channels, that promotes high throughput and selection of potassium over other ionic species (2, 3) . The SF is a narrow pore 12 Å long, formed by a tetrameric arrangement of the carbonyl groups of a highly conserved sequence TVGYG. The construct provides five binding sites (S0-S4) that can be occupied by monovalent cations or by water molecules (3, 4) . Under physiological concentrations, approximately two K 1 ions occupy the SF (2) . They reside in specific configurations S1-S3 and S2-S4, with a water molecule intercalated between (Fig. 1) . The up and down states are shown to have the same occupancy (3) and the ionic conduction through the SF is believed to follow a simple cycle involving transition between these microstates (4) (5) (6) (7) .
The x-ray structures of voltage-gated channels KvAP (8) and Kv1.2 (9) confirmed that the canonical structure of the SF is conserved among K 1 channels. However, potassium channels display a wide range of absolute rates of ion permeation (1, 10) . This raises the possibility that ion transport may imply different molecular mechanisms involving the SF. The new resolved Kv1.2 structure provides us with a unique opportunity to compare the properties of the ions in the SF to those in KcsA.
We have first carried out molecular dynamics (MD) simulations of KscA and Kv1.2 inserted in fully hydrated phospholipid bilayers. Both MD runs started with the SF occupied by two K 1 ions in the up state (Fig. 1) . For KcsA, a transition from up to down state occurs within 250 ps, similar to what was observed in other simulations (4, 11, 12) . In contrast, no transition was observed for Kv1.2 during a 5 ns-simulation time (13) . These equilibrium simulations for the canonical structure indicate unexpectedly that the transitions from one state to the other are channel-dependent.
The aim of this study is to thoroughly examine the energetics involved in this transition. To monitor the barrier for ion translocation, we have estimated the free energies of K 1 translocations between the up and down states for KcsA, Kv1.2, and for structures where specific mutageneses of charged residues were performed. All together, our results suggest that the electrostatic environment of the selectivity filter has profound effect on this barrier.
The free-energy profiles (FEP) were computed using steered-MD simulations on the full atomistic systems, and the Jarzynski equation (14) . Two pathways, e.g., dragging the upper ion from position S1 to position S2 for the up/down transition and dragging the lower ion from position S4 to position S3 for the down/up transition were considered. Since motions of the ions and the water molecules in the SF are concerted, the individual work values of the two pathways may be combined to estimate an overall FEP for the transition between the up and down states (see Supplementary Material).
The components of the total free energy profile corresponding to each of the pathways are displayed in Fig. 2 , a and b. For each channel the up/down transition and down/up transition are not equivalent. More importantly, there is a striking difference between KscA and Kv1.2 most noticeable for the up/down transition. The overall FEP for the transition between the up and down states shown in Fig. 2 c indicates that the SF, in its canonical form, presents a large stability of the up state in Kv1.2, while the down state is somewhat more favorable for KcsA.
The analysis presented so far suggests that the sequence and the conformation of the SF are not the only factors influencing the transitions between the up and down states of the K 1 ion pairs. In the following, we monitor these transitions when the electrostatic environment of the SF, through the partition of charges, is changed. We confine our investigation to the up/down transition, for which the difference between the components of FEP is the largest. We first consider the case of a mutant of Kv1.2 channel (Kv1.2a) for which the charges of one S4 helix (absent in the KcsA channel) are turned off. In this case, the barrier changed slightly compared to the wild-type (Fig. 2 d) , which indicates that charge distributions around the SF may monitor to a certain extent the free-energy barrier for K 1 translocation. The distribution of charged residues around the SF, particularly in the fragment including the S5 loop and the P-helix (Fig. 3) , shows large differences between KcsA and Kv1.2. The effect of such charge distributions on the up/down transition was investigated by considering the Kv1.2b mutant, for which charged residues in this region were substituted by those of KcsA. Fig. 2 (Fig. 3) . The single mutation Val 370 /Glu in the Kv1.2 channel reduces significantly the up/down barrier. This provides compelling evidence that charge distributions in the channel mouth control the free-energy barrier for K 1 translocation within the SF.
So far, we have clearly identified a major factor affecting the energetic of K 1 translocation: e.g., the electrostatic environment of the SF. What consequence may have the updown free-energy barriers on the channel's conductance? A model for ion translocation through the SF, proposed by Mackinnon et al. (15) , implies that conductance is maximized when the occupancies (free-energy) of the up and down states are identical. If the free-energy barrier for ion translocation is modified, the model predicts a reduction in conductance. Kinetic modeling of ion conduction in the SF predicts similarly a conductance reduction if the translocation between these states is a rate-limiting step (16) . One expects therefore, based on our results, that ion channel sequences are likely to fine-tune the rate of K 1 turnover within the SF. Changes of the electrostatic environment of the SF have wide consequences on the conductive properties of K channels. For instance, KcsA conductance is strongly influenced by negative charges at the channel's intracellular mouth (17) , and extracellular acidification reduces ionic currents in Kv channels (18) (19) (20) . It is often suggested that alteration of K channel conductance results from the charge modulation of the accessibility of K 1 ions to the SF. Here, our results point to the role of the electrostatic environment in changing the free-energy barrier for ion translocation within the SF. Note, however, that measured conductance of a specific channel depends on several factors not considered in the present study, among which the applied transmembrane voltage, K 1 concentration in the extra-and intracellular regions, and pH preclude here direct comparison to experimental observations. Note also that we have limited our investigation to the canonical conformation of the SF. Intermittent or long-lived flips of carbonyls of the SF may occur for some channels as previously observed in simulations (21, 22) and in experiments (23) . The study of the incidence of such flips on the conductive properties of the SF is underway.
In summary, our results indicate clearly that the immediate environment of the K 1 ions provided by the carbonyls lining the selectivity filter of potassium channels does not control alone the K 1 translocation between the up and down microstates, the crucial step in the conduction cycle. To a large extent, the electrostatic environment monitors this turnover, influencing therefore the conductive properties of potassium channels.
SUPPLEMENTARY MATERIAL
An online supplement to this article can be found by visiting BJ Online at http://www.biophysj.org.
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